Abstract-Magnetic thin film wires with perpendicular magnetic anisotropy (PMA) containing domain walls (DWs) have been proposed for magnetic logic and memory devices. Using micromagnetic simulations, the magnetic configuration of a DW as a function of the magnitude of the PMA, wire width and thickness is described, showing the regimes of stability of Bloch and Néel walls. Stray field leads to repulsive interactions preventing the formation of 360 degree DWs, and promote uniform spacing between multiple DWs confined within a nanowire.
I. INTRODUCTION
Magnetic domain walls (DWs) in narrow wires provide a data token for devices such as racetrack memory and DW logic [Muratov 2009 , Allwood 2005 . Many proposed DW devices are made from nanowires containing 180
• domain walls (180DWs), in which the magnetization vector rotates through 180
• [Thiaville 2005 , McMichael 1997 ]. 180DWs can be driven by an electrical current due to spin transfer torque [Berger 1978 , DuttaGupta 2015 , Fukami 2016 and their dynamic behavior depends on wire geometry [Zhang 2015a ], enabling their use in memory and logic applications. Early work on STT effects in DWs was carried out on magnetically soft ferromagnetic nanowires, e.g., permalloy nanowires, with magnetization along their length, x. Two possible 180DW configurations, transverse DWs (TWs) or vortex DWs (VWs), can exist, both of which are Néel-type walls with the local magnetization direction confined to the film plane to minimize magnetostatic energy. Simulations predict that a TW is energetically favorable in thinner or narrower wires [McMichael 1997 ] and the transition from TW to VW occurs when T · W = Cδ 2 , where T and W are the film thickness and width, respectively, C is a constant and δ is the exchange length [McMichael 1997] . Nearby 180DWs in a wire can interact via their stray fields, annihilating spontaneously or forming a 360
• domain wall (360DW), depending on their type (VW or TW), their relative chirality and the geometry of the wire [Zhang 2015a ]. 360DWs have distinct behaviors compared to 180DWs under the influence of current and magnetic field [Zhang 2013 , Thomas 2012 , Bickel 2014 , Muratov 2009 , Oyarce 2013 , Zhang 2014 and their formation is therefore important in DW devices in which the walls are close enough to interact, playing a key role in device performance, including speed, capacity and reliability. Magnetic films with perpendicular magnetic anisotropy (PMA) offer improved performance in DW devices because the DWs can be efficiently translated by spin torque transfer [Zhang 2015a , resulting in the reduction of the threshold current density by 10-100 times and higher stability without Walker breakdown , Koyama 2008 . The PMA materials studied include heavy metalferromagnet-oxide multilayers [Miron 2011 ], ferromagnetic super-lattices [Koyama 2008 ] and ordered intermetallic alloys , Ravelosona 1999 . Furthermore, heterostructures containing PMA films can exhibit phenomena such as the spin Hall effect seen in heavy metal-ferromagnet-oxide multilayers, which can drive DWs at even lower current densities [Haazen 2013 , Emori 2013 , Liu 2012 facilitating electric control of magnetization.
DWs in PMA nanowires form two types, Bloch DWs (BWs) and Néel DWs (NWs). A Bloch DW has its core magnetization pointing transverse to the nanowire, i.e., the ±y direction, while a Néel DW has its core magnetization in the ±x direction. The magnetization far from the DW is oriented in the out-of-plane direction, ±z. Prior work has shown that the DW configuration has a critical importance in current-driven DW motion in PMA nanowires [Emori 2013 ] but there has been no systematic study of the dependence of configuration on wire geometry and anisotropy, nor of interactions between PMA DWs. In this letter, we determine computationally a phase diagram for DWs and model the interactions between densely-packed DWs in a PMA thin film nanowire.
II. RESULTS AND DISCUSSION
We use the OOMMF package to implement micromagnetic simulations [Donahue 1999] . Nanowires with length of 10 μm were modeled in order to minimize effects from the ends of the wire. The thickness of the nanowires was T = 4 − 72 nm and the width W varied between 100 nm and 450 nm. The model parameters were typical of PMA multilayers such as [Co/Pd] n , where the anisotropy can be controlled by the number of layer repetitions and interface quality [Zhang 2015b ], and can be altered for example by annealing or ion implantation. The out-of-plane uniaxial anisotropy coefficient of the material, K , was varied from 0 to 7.5 × 10 5 erg cm −3 with 0.75 × 10 5 erg cm −3 increment. The exchange constant was 1.0 × 10 -6 erg/cm and saturation magnetization was M s = 200 emu cm −3 . The damping constant was α = 0.03 and non-adiabatic coefficient was β = 0.05. The cell size was 5 nm × 5 nm × 4 nm, on the order of the exchange length. The simulation corresponds to zero temperature. The magnetization in the nanowire was initiated as shown in Fig. 1 We first consider how the DW configuration in a PMA nanowire varies with the magnitude of PMA and the wire geometry. Fig. 2(a) and (b) shows the calculated stability diagram of DWs as a function of K and the geometrical parameters W and T . For low K , the wires had in-plane magnetization along their length. TWs were stable for most of the low-K conditions examined. For example at W = 300 nm, VWs did not become favorable until T ≥ 120 nm for K = 0. This critical thickness decreased to 76 nm for K = 0.75 × 10 5 erg cm −3 and 48 nm for K = 1.5 × 10 5 erg cm −3 . When K increased further, the VWs became distorted and were no longer stable after relaxation.
The expected transition from in-plane magnetization (with TWs) to out-of-plane magnetization occurred with increasing K . Four nm thick wires had a critical K c of ∼ 2.5 10 5 erg cm −3 but K c was lower for thicker and narrower wires. In the regime where K > K c , a NW was energetically favorable compared to a BW in thinner or narrower wires. These results lead to diagrams in Fig. 2(a) and (b) with three regions of DW structure representing TWs, NWs and BWs meeting at a triple point, and with VWs replacing TWs for large W and T . We examined the dependence of the DW length (measured along the wire axis) on K for both BWs and NWs in 100 nm wide nanowires with thickness of either 4 nm or 24 nm. In this regime, both BWs and NWs can both be formed by relaxation from different initial states chosen in the simulations, although the NWs are energetically preferable. We thus use dashed lines to indicate the widths of BWs in Fig. 2(c) to indicate this. The DW width is defined by the distance between locations with M z = ±0.95 M s at the midpoint of the wire. Due to the finite cell size, the maximum error in calculating DW lengths is about ±10 nm. For both thickness values, DW width decreases with increasing K , as discussed in O'Handley [2000] . DW widths are higher for 4 nm thick nanowires compared to the 24 nm thick nanowires with the same K , as a result of the higher shape anisotropy for thinner nanowires. Moreover, NW widths are either the same or higher than BW widths when both could be formed in the same wire.
We now describe interactions between DWs in a PMA wire. Two 180DWs were initiated in the wire, each one 200 nm away from the wire center, for different initial magnetization states as shown in Fig. 1(a)-(c) . The chirality of the two DWs was initiated to be the same or opposite for comparison. For wires with W = 100 nm and T = 4 nm, when K = 0, 0.75 × 10 5 or 1.5 × 10 5 erg cm −3 , the magnetization lies in-plane in the nanowire and the walls were TWs. A pair of TWs with opposite chirality combined into a 360DW, whereas a pair of TWs with the same chirality annihilated spontaneously. Such interaction behavior is consistent with the results presented for nanowires with zero anisotropy, such as Ni 80 Fe 20 [Zhang 2015a ]. The 360DW formed due to magnetostatic interaction between the TWs, and its stability has been discussed previously [Castaño 2003 ].
In comparison, in a PMA nanowire with K = (3.0 to 7.5) × 10 5 erg cm −3 , W = 100 nm and T = 4 nm, NWs are the lowest energy wall configuration. When two domain walls were initiated as NWs [ Fig. 3(a) ], they repelled each other instead of attracting as in the low-K in-plane scenario [Zhang 2015a , Muratov 2008 . Repulsion occurred independent of the relative chirality of the two DWs. If the walls were initiated as BWs in the same wire, they initially attracted each other and transformed to NWs [ Fig. 3(b) ]; after the transformation they repelled each other as in the case of initiated NWs. Similarly, for a nanowire with W = 300 nm, T = 4 nm, and K = (4.5 − 7.5) × 10 5 erg cm −3 in which BWs are energetically preferable, the DWs repelled each other if they were initiated as BWs. In the same nanowires, if the DWs were initiated as NWs, they initially attracted each other and transformed into BWs, then repelled each other. For 12 nm thick nanowires with K = 3.0 × 10 5 erg cm −3 , NWs were the lower energy configuration for W = 100 − 300 nm. The speed at which the NWs moved apart, averaged over the first 20 ns, was about 5.8 m s −1 and 3.0 m s −1 for 100 nm and 300 nm wide nanowires, respectively. The speed decreased with increasing wall spacing in both cases because the interaction decreased with increasing separation.
The interactions between the two DWs are dominated by the stray field from the perpendicularly magnetized nanowire. The reverse domain represented by the length of wire between the two DWs is magnetostatically stabilized by flux closure with the outer regions of the wire. To illustrate this, we mapped the field distribution 4 nm-12 nm above the nanowire for both H z and H x , as shown in Fig. 4 for a wire with W = 100 nm, T = 12 nm, and K = 6.0 × 10 5 erg cm −3 containing two energetically favored NWs. Fig. 4(a) shows the top view where color represents the amplitude of H z and the arrows indicate H x , which changes sign between the DWs. The repulsive interactions influence the uniformity of spacing between multiple DWs in a nanowire. We initiated five BWs in a 2 μm long wire of W = 100 nm, T = 12 nm and K = 6.75 × 10 5 erg cm
(BWs were the lower energy configuration) with various spacing between 100-500 nm. After relaxation for 100 ns, the distance between the DWs tended to the same value of ∼300 nm as shown in Fig. 3(c) .
The position and velocity of each DW vs. time after relaxation was plotted in Fig. 3(d) , (e) showing the convergence of the configuration towards a uniform DW spacing. The simulation was repeated for different random DW positions but each case yielded the same configuration. This effect shows that in PMA materials the repulsion between neighboring DWs prevents coalescence into 360DWs and allows for dense packing of DWs.
To examine the stability of the DW configurations under applied field, a field in the +z direction was applied to a 10 μm long wire with T = 12 nm, W = 100 or 300 nm and K = 6.75 × 10 5 erg cm −3 containing two DWs placed symmetrically each side of the center of the wire. For both 100 nm and 300 nm wide wires, a field of H z,app = +180 to + 240 Oe reduced the spacing between the DWs and a field above +240 Oe caused their annihilation leaving a single domain. If the two DWs were initiated 2 μm left or right side of the wire center, it only required H z,app = +180 Oe for annihilation, attributed to the higher stray field at one side of the wire. The average stray field in the z-plane at height 4 nm in the region between the two DWs is about +250 Oe when the DWs were placed at the center of the wire, compared to about +300 Oe when they were offset to one side, accounting for the difference in the annihilation field. Finally, the effect of spin current was examined. It is known that due to spin transfer torque [Slonczewski 1996 , Berger 1996 ], a current pulse can drive the DWs along the direction of electron flow. Moreover, the DW motion is resonant with an AC current of appropriate frequency [Muratov 2009 , Mascaro 2010 . Two NWs were initiated 2 μm left of the wire center for a wire with W = 100 nm, T = 12 nm, and K = 6.0 × 10 5 erg cm −3 and a spin current velocity of u = 50 to 1000 m s −1 was injected with an increment of 50 m s −1 . When there was no applied field, the two DWs were driven to the right and their spacing increased due to the stray field effect as discussed above, but this motion was small compared to the effects of applied field and current. If a field of H z,app = ±150 Oe was applied at the same time as the spin current, the two NWs approached each other during the motion. The motion remained smooth for a spin current velocity of up to 1000 m s −1 at H z,app ≤ +150 Oe. In comparison, in samples without PMA, it only took u = 200 ms −1 to annihilate a 360DW for W = 100 nm, T = 12 nm and K = 0. This suggests that DWs in PMA nanowires are more robust against current-driven instabilities compared to those in soft FMs, which is consistent with other DW studies [Thiaville 2012 , Ryu 2013 . Within the steady motion regime, we found that the DW velocity is V DW (t) = u(t) × (β/α) for the NWs, where u is the spin current velocity inside the nanowire [Zhang 2013 ].
If an AC current is injected, the DWs oscillated instead of moving in one direction. A current was injected with u(t) = u 0 sin(2π f t), where u 0 is the amplitude of the spin current velocity, f is the frequency of the AC current, and t is the simulation time. We varied u 0 from 200 m s −1 to 2000 m s −1 and f from 0.25 GHz to 4 GHz. The two 180DWs oscillated in response to the current and maintained their spacing.
In conclusion, we have studied the structure and interactions between DWs in PMA nanowires using micromagnetic simulations. DWs adopt Bloch or Néel structures with Bloch walls favored in wires with higher width, thickness, and anisotropy. At low values of anisotropy, the wire has in-plane magnetization and vortex or transverse walls exist. In PMA nanowires, DW interactions are dominated by stray fields from the surrounding PMA regions, leading to repulsive interactions that stabilize sets of multiple DWs to have uniform spacing, and which preclude the formation of PMA 360DWs. DWs in PMA materials are translated by spin current and maintain a steady velocity at higher spin current densities compared to those in soft FMs. These properties make PMA materials an ideal media for DW-based memory and logic applications.
